1. Introduction {#s0005}
===============

In a typical physiological stress response, the brain sends signals to the hypothalamus, which coordinates a fast response between the sympathetic nervous system (SNS) and the adrenal glands. This is often referred to as the "fight or flight" response with the slower response mediated through the hypothalamic pituitary adrenal axis (HPA-axis). Both systems utilize positive and negative feedback mechanisms to restore the system back to a functional and stable state and maintain homeostasis ([@bb0300]). In psychogenic non-epileptic seizures (PNES), the abnormal physiological responses to psychological stress are thought to be the basis of their etiology ([@bb0270]). To date, few studies investigated HPA-axis activity in PNES ([@bb0030]; [@bb0035]; [@bb0295]; [@bb0290]). Compared to HCs, baseline morning serum cortisol did not significantly differ from patients with PNES ([@bb0295]) or from conversion disorder patients (20 of 25 patients had PNES) ([@bb0290]). One study did not find differences between PNES and HCs in salivary cortisol related to acute psychological stress ([@bb0030]). Further there were no group differences in stress-induced salivary cortisol levels or the cortisol awakening response, but there were elevated diurnal cortisol levels in PNES compared to HCs ([@bb0035]). Taken together, these studies suggest that while patients with PNES may display elevated levels of diurnal cortisol, they have similar HPA-axis reactivity to acute psychological stress compared to HCs. However, it is unknown whether this similarity extends to the neural correlates of psychological and emotional stress responses in PNES.

Alpha-amylase, an enzyme found in saliva, is considered a surrogate marker of SNS activity and also shows a rise in levels following stress ([@bb0155]). Stressful conditions such as written examinations and exposure to extreme temperatures ([@bb0060]), as well as viewing emotionally negative images ([@bb0310]) or playing a stressful video game ([@bb0255]) have all induced large increases in salivary alpha-amylase. The Trier Social Stress Test ([@bb0190]), an experimental paradigm designed to induce moderate levels of psychosocial stress and shown to increase cortisol levels, also elicited large pre- to post-stress increases in alpha-amylase levels ([@bb0145]; [@bb0235]; [@bb0230]). One study investigated basal diurnal levels of alpha-amylase between PNES and HCs and found no group differences ([@bb0035]), but it is unclear if a similar alpha-amylase response would be observed to psychological and emotional stressors.

Functional neurological disorders (FND) including PNES are thought to be a network disorder with clinical symptomatology and phenotypic expression dependent on which node of the network is involved in the generation and maintenance of the disorder ([@bb0275]). Functional MRI (fMRI) studies have consistently shown resting state functional connectivity (rs-FC) for emotion-regulation and motor-control regions to be stronger in patients with PNES ([@bb0105]; [@bb0285]; [@bb0305]) and in FND ([@bb0100]; [@bb0220]; [@bb0330]) compared to HCs. Less consistent findings have been shown in the differential fMRI response to emotional/negative stimuli between HCs and persons with conversion disorder/FND including PNES. One study showed enhanced amygdala response to fearful vs. neutral faces compared to happy vs. neutral in HCs, but no difference in FND, suggesting a dampened amygdala response to negative emotional stimuli in FND ([@bb0315]), while others showed conversion disorder patients had increased amygdala, frontal and motor activation to emotionally negative face stimuli relative to HCs ([@bb0025]). Another study showed differential activation to negatively valenced emotional faces (e.g. sad, fearful, neutral) in a number of regions, including increased precentral and postcentral gyrus activation to neutral faces and decreased prefrontal activation to sad, fearful and neutral faces in PNES compared to HCs ([@bb0285]). Individuals with functional movement disorder (i.e. functional dystonia and functional tremor) also differed from HCs and those with primary organic movement disorder in their responses to negatively emotional stimuli in a number of prefrontal and motor-control brain regions ([@bb0110], [@bb0115], [@bb0120]). Further, patients with functional tremor showed increased task-based functional connectivity between left amygdala and left middle frontal gyrus for intensely negative emotional stimuli ([@bb0115]). Others showed that compared to controls, conversion disorder/FND patients exhibited increased amygdala activation with simultaneous sensorimotor and emotional stimulation ([@bb0175]) and when they received negative feedback during instrumental avoidance learning ([@bb0220]). Additionally, recall of traumatic and stressful life events also elicited increased amygdala activation in conversion disorder patients ([@bb0020]; [@bb0185]).

Despite the growing fMRI literature in PNES and FNDs, no imaging studies to date have specifically examined the neural underpinnings of psychological stress response in patients with PNES. Thus, we aimed to investigate how patients with PNES respond to acute psychological and emotional stress in a priori defined brain regions of interest (ROIs) involved in emotion processing (insula, hippocampus and amygdala), motor function (precentral gyrus and postcentral gyrus), and emotion/executive control (anterior cingulate and inferior frontal cortex) that have been indicated as vital nodes in the FND/PNES network ([@bb0020]; [@bb0105]; [@bb0110], [@bb0115], [@bb0120]; [@bb0175]; [@bb0220]; [@bb0285]; [@bb0275]; [@bb0305]; [@bb0315]) and overlap with regions involved in the fMRI response to psychological stress ([@bb0090]; [@bb0140]; [@bb0250]). Based on these previous studies, we hypothesized that compared to HCs, patients with PNES would exhibit similar physiological responses to acute psychological stress, differential fMRI response to acute psychological and emotional stress in these a priori brain regions of interest, and stronger rs-FC between emotion-regulation and motor-control regions.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

From August 2013 to April 2016, fifty-nine consecutive patients who met study criteria were approached prospectively for participation from the University of Alabama at Birmingham (UAB) Epilepsy Monitoring Unit after video-EEG monitoring confirmed definite diagnosis of PNES. Inclusion criteria for adult patients (≥18 years old) were normal brain MRI and presence of major motor symptoms ([@bb0165]). Patients with mixed diagnosis combining epileptic seizures and PNES, and patients with typical and spontaneous PNES not documented during video-EEG monitoring were not approached for participation. Twenty-five patients provided written informed consent ([Fig. 1](#f0005){ref-type="fig"}). Twelve patients completed all study procedures and were included in the analyses; 12 age-/sex-/education-matched HCs were included from a group of 26 individuals recruited from UAB and surrounding Birmingham metro region ([Fig. 1](#f0005){ref-type="fig"}; [Table 1](#t0005){ref-type="table"}). At the time of study participation, patients with PNES were not taking antiepileptic drugs. Eleven patients with PNES and 12 HCs participated in a separate portion of the study, which examined brain\'s responses to emotional faces task ([@bb0285]). Individuals had no suicidal ideation in the previous year, were physically healthy, fluent in English language, and had no contraindications to receiving MRI/fMRI at 3 T. HCs had no self-reported history of psychiatric or neurological illness. Of the 12 patients with PNES, psychiatric history was not available for one patient, three had no comorbid psychiatric diagnoses, one carried a diagnosis of posttraumatic stress disorder (PTSD), and seven reported having depression and/or anxiety. Urine pregnancy tests prior to MRI were negative for female participants.Fig. 1CONSORT flow diagram outlining recruitment of the 12 patients with psychogenic non-epileptic seizures (PNES) and 12 age-/sex-/education-matched healthy control participants.Fig. 1Table 1Demographic, clinical, assessment, and behavioral variables for the 12 patients with psychogenic non-epileptic seizures (PNES) and 12 healthy controls (HCs).Table 1PNESHCsp-valueAge44.5 (20.5)35.5 (15.0)0.47Sex, female11 (92)11 (92)1.0Education, years14.5 (3.0)15.0 (5.3)0.43Age of illness onset36.5 (17.5)----Illness duration, years2 (2.75)----Number of seizures in past 3 months24 (27.8)----  AssessmentsProfile of mood states total mood disturbance80.0 (85.0)6.0 (32.0)**0.012**Beck Depression Inventory-II (BDI-II)28 (24.5)3.0 (7.0)**0.0006**Beck Anxiety Inventory (BAI)15.0 (18.5)4.5 (5.0)**0.0008**Trait-related Anxiety Inventory50.0 (20.0)30.5 (14.5)**0.0055**14-Item Perceived Stress Scale (PSS-14)34.5 (19.0)19.0 (6.0)**0.0042**Short Form-36 (SF-36)Physical functioning42.5 (27.5)95.0 (60.0)**0.048**Limitations due to physical health0.0 (25.0)100.0 (12.5)**0.0001**Limitations due to emotional problems16.7 (50.0)100.0 (33.3)**0.0019**Energy/Fatigue33.3 (32.5)70.0 (28.3)**0.0065**Emotional well being52.0 (30.0)74.0 (18.0)**0.0041**Social functioning31.3 (37.5)93.8 (31.3)**0.0001**Pain38.8 (55.0)78.8 (28.8)**0.029**General health32.5 (42.4)85.0 (10.0)**\<0.0001**Ways of coping questionnaireConfrontative coping3.5 (5.5)5.0 (3.5)0.98Distancing6.5 (10.0)5.5 (4.0)0.84Self-controlling10.0 (8.0)11.5 (10.0)0.20Seeking social support7.0 (8.0)7.0 (9.0)0.93Accepting responsibility5.0 (4.5)4.0 (3.5)0.45Escape-avoidance6.0 (7.0)5.0 (6.5)0.31Planful problem solving8.5 (6.0)13.0 (9.0)**0.043**Positive reappraisal4.5 (7.0)8.5 (10.0)0.16  Behavioral task performanceControl math taskMath Accuracy, % correct89.7 (20.6)92.6 (11.8)0.36Math Response Time, msec3095 (700)2356 (822)0.12Tone Accuracy, % correct100.0 (6.3)100.0 (0.0)0.28Tone Response Time, msec1298 (548)912 (240)0.12Stress math taskMath Accuracy, % correct43.7 (15.1)50.8 (14.3)0.35Math Response Time, msec3314 (679)3438 (272)0.56Tone Accuracy, % correct100.0 (0.0)100.0 (0.0)1.0Tone Response Time, msec953 (410)838 (200)0.30[^2]

This study was approved by the UAB Institutional Review Board with guidance on the use of deception regarding psychological stress exposure and remuneration for participation described below ([@bb0260]). All study procedures were carried out in accordance with the Declaration of Helsinki ethics principles. Participants provided written informed consent before study participation. The informed consent document did not contain details of deception. However, we debriefed all participants at the end of the study to explain the rationale for use of deception, and they were given the opportunity to ask questions regarding the nature of the study. All participants were remunerated the full amount irrespective of their performance or what was told to them during the study session.

2.2. Assessments {#s0020}
----------------

Before the MRI, participants were administered the SF-36 health-related quality of life assessment ([@bb0320]), the 14-item Perceived Stress Scale (PSS) ([@bb0065]), the Beck Depression Inventory-II (BDI-II) ([@bb0045]), the Beck Anxiety Inventory (BAI) ([@bb0040]), the Profile of Mood States (POMS) to calculate total mood disturbance (TMD) score reflecting transient mood state ([@bb0280]), and the State-Trait Anxiety Inventory to measure levels of general (STAI-t) and state-related (STAI-s) anxiety ([@bb0265]). The POMS consists of subscales for various mood constructs (tension/anxiety, depression/dejection, anger/hostility, vigor/activity, fatigue/inertia, and confusion/bewilderment); thus, the TMD score provides a summary measure of mood state that includes constructs also captured with the BDI-II, BAI and STAI. The STAI-s, the Positive Affect and Negative Affect Schedule (PANAS) ([@bb0325]), and Dundee Stress State Questionnaire (DSSQ short form assessing dimensions of task engagement, distress and worry) ([@bb0205]) were administered before and after the MRI. Participants also completed the revised Ways of Coping Questionnaire (WCQ) after MRI to evaluate coping strategies after just having a potentially stressful experience ([@bb0125]).

2.3. Induction of psychological stress {#s0025}
--------------------------------------

We utilized a stress-induction paradigm that includes the component of social evaluative threat (provided by a combination of the circumstances of being monitored for performance, the high expectations set prior to the start of the task, the uncertainty of actual performance, and the negative feedback given) to induce moderate levels of psychological stress ([@bb0005]; [@bb0085]). Event-related fMRI tasks were programmed using E-prime, version 1.1 (Psychology Software Tools, Inc.), and have been previously used in patients with epilepsy and HCs ([@bb0005]). During fMRI, participants performed a low-stress control math task (CMT) with simple subtraction problems and positive feedback (e.g., "This task seems to be fairly easy for you."). After the CMT, participants were given instructions for the stress math task (SMT) and told their performance would be evaluated. They now had 3 answers to choose from with an unknown variable time for responses to count. They were told they needed to achieve a certain percentage of correct answers based on their age and level of education in order for their data to be used and to be remunerated the full amount for participation (at the end of the study, participants were debriefed and told they would be receiving the full amount). Participants then performed the SMT during fMRI, which had more difficult subtraction and negative feedback designed to induce moderate levels of psychological stress (e.g., "You are not responding quickly enough for your answers to be counted.") ([@bb0005]). Auditory feedback was pre-recorded and provided at 8 instances during each task regardless of actual performance and intended to provide a low-stress environment during the CMT and a more stressful environment during the SMT. During both tasks, participants heard 8 times a train of tones with visual instructions to press "1" or "2" on the response box. This tone condition allowed us to monitor attentiveness during CMT and SMT, independent of math performance. Prior to MRI, participants performed a practice task that included simple subtraction problems and 2 instances of the tone condition to ensure they understood the task instructions.

2.4. Physiological measures {#s0030}
---------------------------

Heart rate was recorded following the 8 CMT and SMT feedback messages. At 8 time points, participants provided 1 mL saliva samples: at 60, 45, and 30 min prior to MRI, immediately after MRI, and at 15, 30, 45, and 60 min after MRI. Samples were immediately placed on ice then transferred to a − 20 °C freezer for storage. Salivary cortisol and alpha-amylase concentrations were assayed at the UAB Metabolism Core Lab using a standard kit (Salimetrics, LLC) to assess HPA-axis and sympathetic nervous system activation, respectively ([@bb0240]).

2.5. Neuroimaging {#s0035}
-----------------

Neuroimaging was performed using a 3.0 T Siemens Allegra scanner. Prior to anatomical and task fMRI scans, 132 resting state fMRI (rs-fMRI) volumes were acquired with the participant\'s eyes open while viewing a black screen during gradient-echo EPI T2\*-weighted imaging (TR/TE 3000/23 msec, FOV 24.0 × 24.0 × 11.5 cm, matrix 128 × 128, flip angle 84°, 2.5 mm isotropic). A high-resolution T1-weighted anatomical brain scan (TR/TE 2300/2.17 msec, FOV 25.6 × 25.6 × 19.2 cm, matrix 256 × 256, flip angle 9°, 1 mm isotropic) was acquired, followed by EPI T2\*-weighted fMRI scans (TR/TE 3000/23 msec, FOV 25.6 × 25.6 × 13.8 cm, matrix 128 × 128, flip angle 84°, voxel size 2 × 2 × 3 mm) while participants performed the CMT and SMT. Forty-six oblique 3 mm slices 20° transverse-to-coronal from AC-PC line to minimize signal distortions from sinuses were positioned for fMRI while participants performed the CMT and SMT ([@bb0095]).

2.6. Statistical analysis {#s0040}
-------------------------

The Wilcoxon rank sum test and Fisher\'s Exact test were performed, when appropriate, to compare demographic, assessment and performance variables between groups. Repeated measures analysis of variance was performed for each assessment taken pre- and post-stress induction to examine main effects of group and time and their interactions.

Consistent with our previous study and due to known increase in anticipatory stress response prior to MRI ([@bb0005]; [@bb0150]) we regarded the last sample (1 h after stress fMRI completion) as the recovery baseline and calculated percent change in both cortisol (dCORT) and alpha-amylase (dAA) from the sample immediately post-stress to the last sample as measures of HPA-axis activation and SNS activation, respectively. We performed Wilcoxon rank sum test (2-tailed) for change in heart rate (dHR), dCORT and dAA measures to investigate group differences in responsiveness to acute psychological stress. Spearman correlation, which is more robust against the effects of outliers in a small sample, evaluated the association between physiological measures (dHR, dCORT and dAA) and PSS. Statistical analyses were performed using SAS (Statistical Analysis System version 9.3, Cary, NC), with p \< .05 considered significant. For PSS associations with physiological measures, p \< .017 was considered significant after Bonferroni correction for multiple comparisons.

2.7. Neuroimaging data analysis {#s0045}
-------------------------------

AFNI was used to analyze and visualize the task fMRI data ([@bb0070]). Anatomical and fMRI scans were aligned, and a co-registration algorithm applied to correct for head motion ([@bb0075]). Non- brain voxels were removed, and anatomical and fMRI scans were normalized into Montreal Neurologic Institute (MNI) space, and fMRI scans resampled to 2 × 2 × 2 mm^3^ voxel resolution followed by spatial smoothing to effective smoothness of 6 mm Gaussian full width half-maximum (FWHM).

We performed single-subject statistical modeling of blood‑oxygen-level-dependent (BOLD) fMRI response to math problems, feedback, and tone events. For each subject, we extracted event times used for fMRI data analyses from E-prime behavioral data. CMT and SMT math problems and tones were modeled as separate events using a canonical hemodynamic response function, and positive and negative feedback were modeled as short blocks to include entire duration of 6 s and 8.5 s, respectively. The fMRI response to acute psychological stress was assessed using two contrasts: negative versus positive auditory feedback, and hard versus easy math. This is consistent with previous studies utilizing negative versus positive feedback and/or difficult versus easy mental arithmetic in assessing fMRI stress response ([@bb0085], [@bb0090]; [@bb0135], [@bb0140]). Beta-weight values for the ideal waveform of each event and contrast were determined using linear regression with the 3dREMLfit program. Single-subject modeling also covaried for motion-correction parameters and signal drift.

Group differences in neural response to acute stress were investigated using *3dttest++* to perform a two-sample *t*-test with the two contrasts. Due to the potential for confounding effects of mood, we included TMD from POMS as a covariate. The POMS depression subscale was previously shown to be highly correlated with BDI-II in patients with seizure disorders ([@bb0160]), and, in our study, TMD and BDI-II were strongly associated in PNES (*r*~*s*~ = 0.95; p \< .0001) and HCs (*r*~*s*~ = 0.81; p = .0013). In each group, TMD was also positively associated with scores on the BAI (*r*~*s*~ = 0.95; p \< .0001 in PNES; *r*~*s*~ = 0.58; p = .049 in HC) and the STAI-t (*r*~*s*~ = 0.65; p = .021 in PNES; *r*~*s*~ = 0.77; p = .0035 in HC). Thus, we controlled for the measure reflecting overall mood state rather than solely depression and/or anxiety scores in our analyses. To determine statistical thresholding parameters, the spatial autocorrelation function (ACF) in the *3dFWHx* program was used to estimate noise smoothness and then fit to a mixed model, which was then used to generate noise random fields, estimate the probability of false-positive clusters, and determine the cluster threshold for different voxelwise thresholds using the *3dClustSim* program ([@bb0080]). For fMRI group maps, we focused on seven brain ROIs involved in emotion processing (insula, hippocampus and amygdala), motor function (precentral gyrus and postcentral gyrus) and emotion/executive function (anterior cingulate and inferior frontal cortex), and used a small volume correction based on a priori hypotheses for group activation differences in these regions that have been indicated as network nodes in the FND/PNES network ([@bb0105]; [@bb0110], [@bb0115], [@bb0120]; [@bb0175]; [@bb0220]; [@bb0285]; [@bb0275]; [@bb0305]; [@bb0315]). Cluster thresholds for voxelwise p = .005 were calculated using 10,000 Monte Carlo simulations for each anatomically-defined set of bilateral brain regions to achieve activation clusters significant at corrected p \< .05. The results of these simulations yielded a critical cluster extent volume threshold of 168 mm^3^ for the insula, 152 mm^3^ for the hippocampus, 80 mm^3^ for the amygdala, 224 mm^3^ for the precentral gyrus, 240 mm^3^ for the postcentral gyrus, 320 mm^3^ for the inferior frontal gyrus, and 192 mm^3^ for the anterior cingulate. Beta-weight values from regions showing significant group differences in fMRI response to acute psychological stress were extracted. These beta-weight values were used in Spearman correlation analyses with dHR, dCORT, dAA, and PSS to assess relationships between neural stress reactivity and other measures of stress reactivity and stress perception, respectively, with p \< .0125 considered significant after Bonferroni correction for multiple comparisons.

SPM12 (Welcome Trust Center for Neuroimaging, London, UK) was used to analyze rs-fMRI data using standard procedures (i.e. slice timing correction, co-registration of brain volumes using rigid-body motion transforms, anatomical-fMRI spatial alignment, and spatial normalization to 2 × 2 × 2mm^3^ voxels in MNI space using unified segmentation algorithm) ([@bb0015]). For each subject, nuisance regression was conducted using the 6 motion parameters and their first derivatives to remove potential sources of noise. This was followed by a step-wise data scrubbing procedure ([@bb0245]), and time points with severe signal artifacts (i.e. due to motion) were first interpolated prior to bandpass filtering (0.01 \< f \< 0.08 Hz). Then, a principal component analysis was performed to extract components of white matter and cerebral spinal fluid that were used as regressors in a second nuisance regression ([@bb0050]), followed by 8 mm FWHM spatial smoothing. Regions showing significant task fMRI group differences in neural response to acute psychological stress were used as functional seed regions in rs-FC analysis. Functional connectivity maps were produced by extracting the mean time series for each seed region and performing Pearson correlation with the time series of all other brain voxels. Fisher *Z*-transformation was then applied to every correlation coefficient value, and group statistical analysis performed. Group differences in rs-FC of these task fMRI-defined seed regions were assessed, with results significant at topological FDR-corrected p \< .05 (voxelwise p = .001).

3. Results {#s0050}
==========

3.1. Demographic, clinical, assessment and behavioral data {#s0055}
----------------------------------------------------------

[Table 1](#t0005){ref-type="table"} summarizes demographic, clinical, assessment, and behavioral variables for both groups. PNES and HC groups were similar in age, sex, years of education, and behavioral performance on the CMT and SMT ([Table 1](#t0005){ref-type="table"}). Despite low math accuracy on the SMT, both groups achieved 100% tone accuracy, indicating attentiveness during the task. Median (IQR) for age of onset of PNES was 36.5 (17.5), for illness duration was 2 (2.75) years, and for number of seizures in past 3 months was 24 (27.8). PNES group endorsed significantly more negative mood than HC group on the POMS, BDI-II, BAI and STAI-t, and scored worse than HC group on the PSS-14 and SF-36. WCQ scores were similar except HCs scored higher on "Planful Problem Solving".

There were no significant group-by-time interactions for the PANAS, STAI-s, and DSSQ (all p \> .05). There were main effects of group (F(1) = 7.90, p = .0102) and time (F(1) = 13.16, p = .0015) for positive affect, and a main effect of group only (F(1) = 5.46, p = .029) for negative affect ([Fig. 2](#f0010){ref-type="fig"}A--B). There were main effects of group (F(1) = 14.82, p = .0009) and time (F(1) = 16.50, p = .0005) for STAI-s ([Fig. 2](#f0010){ref-type="fig"}C) and for DSSQ distress subscale (F(1) = 12.64, p = .0018 and F(1) = 41.71, p \< .0001, respectively; [Fig. 2](#f0010){ref-type="fig"}D).Fig. 2Pre- and post-stress performance on assessments and physiological measures of stress reactivity during the study session for the 12 patients with psychogenic non-epileptic seizures (PNES) and 12 healthy control (HC) participants. PNES and HC groups exhibit parallel trajectories for (A) positive affect, (B) negative affect, (C) state-related STAI scores, and (D) the distress subscale of the DSSQ. Graphs indicate mean +/− SEM at each time point for each assessment. (E) Heart rate was recorded following each of the 8 positive feedback messages (p1-p8) during the Control Math Task, and following each of the 8 negative feedback messages (n1-n8) during the Stress Math Task. Change in average heart rate between tasks was calculated for each group. (F) Salivary cortisol levels and (G) alpha-amylase levels are shown for samples collected at 60, 45 and 30 min before MRI preparation and scanning (s1, s2, and s3, respectively) and then immediately after completion of stress fMRI (s4) and another 4 samples at 15-min intervals (s5-s8). We regarded cortisol and alpha-amylase levels at s8 to be the recovery baseline in order to calculate percent change in cortisol reduction (dCORT) and alpha-amylase reduction (dAA) from the sample immediately post-stress (s4). Graphs indicate mean +/− SEM at each time point for each measure.Fig. 2

3.2. Physiological measures {#s0060}
---------------------------

Change in heart rate was similar between groups ([Fig. 2](#f0010){ref-type="fig"}E): median dHR (IQR) was 2.6 (6.3) bpm for PNES and 3.4 (10.8) bpm for HCs (p = .58). Changes in cortisol and alpha-amylase levels were similar between groups ([Fig. 2](#f0010){ref-type="fig"}F--G): median dCORT (IQR) was 61.5 (60.7) for PNES and 34.1 (94.3) for HCs (p = .64); median dAA (IQR) was 68.2 (153.5) for PNES and 43.3 (131.5) for HCs (p = .75). Results of Spearman correlation analysis indicated that with increased PSS, there was significant decrease in dHR (*r*~*s*~ = −0.74, p = .0063) to psychological stress in PNES but not in HCs (*r*~*s*~ = 0.10, p = .75). PSS was not significantly associated with dCORT or dAA in PNES (*r*~*s*~ = −0.47, p = .12 and *r*~*s*~ = −0.45, p = .14, respectively). In HCs, PSS was also not significantly associated with dCORT or dAA (*r*~*s*~ = 0.44, p = .16 and *r*~*s*~ = 0.09, p = .78, respectively).

3.3. Neuroimaging {#s0065}
-----------------

In the seven a priori selected ROIs, patients with PNES and HCs did not significantly differ in their fMRI stress response to negative versus positive auditory feedback whether or not controlling for the mood states (TMD). However, independent of the mood states, in the fMRI stress response to hard versus easy math, PNES showed hyporeactivity compared to HCs in the left and right amygdala and the left hippocampus ([Table 2](#t0010){ref-type="table"}; [Fig. 3](#f0015){ref-type="fig"}B1). Graphing the mean beta-weight values showed an opposite response between groups for each significant cluster ([Fig. 3](#f0015){ref-type="fig"}B2). Spearman correlation analysis indicated a significant positive association in PNES only between fMRI stress response in the right amygdala and dAA (*r*~*s*~ = 0.71, p = .010; [Fig. 3](#f0015){ref-type="fig"}B3). There were no other significant associations detected between fMRI stress response and PSS or other physiological measures in either group (all p \> .0125).Table 2Location and extent of brain regions in which patients with psychogenic non-epileptic seizures (PNES) compared to healthy controls (HCs) exhibited (A) decreased stress task fMRI response and (B) increased resting state functional connectivity with the right amygdala seed.Table 2Brain RegionsPeak MNI (x, y, z)Peak t-valueCluster Extent (mm^3^)A. Stress task fMRI responseL. amygdala--18, --2, --12--3.93200PNES \< HCsR. amygdala18, 0, --14--4.28136L. hippocampus--22, --20, --12--5.69184B. Resting state functional connectivity of Right Amygdala seedL. precentral gyrus--44, --12, 585.521256PNES \> HCsL. inferior/middle frontal gyrus--36, 14, 345.461448Fig. 3Statistical maps of significant clusters showing PNES and HC group differences in stress-related task activation and resting state functional connectivity. (A) We defined seven a priori regions of interest: (1) amygdala, (2) hippocampus, and (3) insula involved in emotion; (4) anterior cingulate and (5) inferior frontal gyrus involved in executive function; (6) precentral gyrus and (7) postcentral gyrus involved in motor control. (B1) Compared to HC, PNES exhibited decreased response (in blue) to stress fMRI (hard versus easy math) in the bilateral amygdala and left hippocampus (corrected p \< .05). (B2) The bar graph below of beta-weight values (mean +/− SEM) for each significant region illustrates an opposite response between groups. (B3) The scatter plot illustrates the significant association between stress task fMRI response in the right amygdala and stress-related change in alpha-amylase (dAA) in patients with PNES. (C1) Compared to HC, PNES exhibited increased resting state functional connectivity (corrected p \< .05) between the right amygdala seed region to both the left inferior/middle frontal gyrus (L. IFG/MFG) and the left precentral gyrus (L. PCG). (C2) To the right, the bar graph of z-scores (mean +/− SEM) for each region illustrates that the group differences in functional connectivity are due to an opposing pattern of connectivity. L. = left hemisphere; R. = right hemisphere.Fig. 3

These 3 task fMRI-defined brain regions (i.e., the left and right amygdala and left hippocampus) were used as rs-fMRI seed regions and showed significantly increased right amygdala rs-FC in PNES compared to HCs to both the left precentral gyrus and left inferior/middle frontal gyrus (corrected p \< .05; [Table 2](#t0010){ref-type="table"}; [Fig. 3](#f0015){ref-type="fig"}C1). Graphing the mean z-scores showed an opposite pattern in rs-FC between groups (increased in PNES and decreased in HC) for the right amygdala to both the left precentral gyrus and left inferior/middle frontal gyrus ([Fig. 3](#f0015){ref-type="fig"}C2).

4. Discussion {#s0070}
=============

We examined the biochemical and neuroimaging biomarkers of stress response in PNES focusing on the brain regions specific to the emotion-motor-executive control. Further, we showed group differences in a priori defined regions of interest in their resting state functional connectivity. Finally, we assessed group differences in demographic, assessment, and stress reactivity variables, and associations between stress measures. These main results are discussed in the context of existing literature and future research implications.

4.1. Stress response assessments and coping styles {#s0075}
--------------------------------------------------

The analysis of stress response assessments indicates that patients with PNES have decreased positive affect, and increased negative affect, state-related anxiety, and task-related distress compared to age-/sex-/education-matched HCs. This is despite the fact that fMRI task performance was the same for both groups and despite the fact that the stress-induction paradigm elicited similar mood and behavioral effects in both groups (i.e. similar direction of change). Both groups also had similar coping styles differing only in "Planful Problem Solving," which was less utilized by PNES. This problem-focused coping style involves efforts to eliminate or change the source of stress ([@bb0130]), which may be one of the pathophysiological mechanisms of PNES development and maintenance. This is similar to task-oriented coping, which is more effective than the emotion-focused coping that was previously found to be more utilized by PNES patients with greater psychopathology ([@bb0225]). Thus, our results indicate that the coping strategies are different between PNES and HCs and, as such, they need to be further explored as possible targets for behavioral interventions aiming at improving control of PNES ([@bb0200]).

4.2. Physiological correlates of psychological stress response and perceived stress {#s0080}
-----------------------------------------------------------------------------------

As hypothesized based on previous stress response studies in PNES ([@bb0030]; [@bb0035]; [@bb0295]; [@bb0290]), we observed similar physiological responses to acute psychological stress including change in heart rate, cortisol and alpha-amylase between PNES and HCs. Our findings are also consistent with a study in patients with motor FND that found similar cortisol and alpha-amylase response to the TSST as HCs ([@bb0010]). However, we found levels of perceived stress to be differentially associated with physiological stress response in each group. Patients with PNES with higher levels of perceived stress exhibited smaller stress-related changes in heart rate during stress induction (*r*~*s*~ = −0.74); this relationship was not seen in HCs. Given the positive and negative feedback loops in stress response systems which work to maintain homeostasis ([@bb0300]), a typical pattern of increased heart rate with acute stress is expected. However, a pattern in PNES showing overall dampening of physiological response in those who exhibit elevated levels of perceived stress may indicate stress system dysregulation. Future investigation into such relationships is warranted.

4.3. Neural correlates of psychological stress response, functional connectivity, and relationships with physiological measures and perceived stress {#s0085}
----------------------------------------------------------------------------------------------------------------------------------------------------

Of the seven a priori defined brain regions of interest involved in emotion, motor, and executive control ([@bb0020]; [@bb0285]; [@bb0275]; [@bb0305]; [@bb0315]), we observed fMRI stress hyporeactivity in the left and right amygdala and left hippocampus. This supports our hypothesis of their differential involvement in fMRI response to acute psychological stress in PNES versus HC. These differences were independent of the mood states (TMD) suggesting that mood variability may not exert a strong influence in these results. The increased activation observed in HCs is consistent with previous fMRI studies in HCs which showed increased hippocampus activity with hard math versus control math during a stress-induction task ([@bb0090]), increased amygdala response with threat processing ([@bb0335]) and social evaluation ([@bb0215]), and both increased amygdala and hippocampus response with fear conditioning ([@bb0170]). Our findings are also consistent with a previous study suggesting a dampened amygdala response to negative emotional stimuli in patients with conversion disorder compared to HCs ([@bb0315]). Therefore, the opposite responses observed in hippocampus and amygdala of patients with PNES compared to HCs is supportive of hyporeactivity to acute emotional and psychological stress in these emotion-processing regions. Interestingly, we also observed a significant positive relationship between right amygdala and alpha-amylase responses to stress in PNES (*r*~*s*~ = 0.71). An increase in alpha-amylase levels with stress indicates SNS activation ([@bb0010]; [@bb0240]). Since amygdala stress activation is overall decreased in PNES compared to HCs, this result suggests a potential coupling between SNS hypo-responsiveness and hypo-activation of the right amygdala in response to acute psychological stress in patients with PNES. This is also consistent with our result of dampened heart rate response in patients with PNES who exhibit elevated levels of perceived stress.

Using the fMRI task-defined left hippocampus and left and right amygdala ROIs as seeds in rs-FC analysis showed significant differences in right amygdala functional connectivity to the left precentral and the left inferior/middle frontal gyri that was increased in PNES compared to HCs. The observed involvement of right amygdala is consistent with other structural and functional connectivity studies of patients with PNES/FNDs that investigated amygdala connectivity ([@bb0100]; [@bb0180]; [@bb0220]; [@bb0315]; [@bb0330]). However, in our study, greater rs-FC between emotion (amygdala) and motor control regions (precentral gyrus) in PNES suggests potential underlying pathophysiology of PNES that present with major motor symptoms, which was characteristic of our sample (all participants had major motor events). Our findings are also consistent with previous work outlining increased cortical thickness in the motor and premotor regions in PNES compared to controls ([@bb0195]) and suggest that stronger rs-FC between emotion-regulation and motor-control regions in PNES/FND allows for the manifestation of involuntary motor symptoms by overriding executive control regions ([@bb0105]; [@bb0305]).

We also found greater rs-FC in PNES than HCs between the right amygdala and left inferior/middle frontal gyri. This finding is consistent with previous studies showing that compared to HCs, patients with FND had increased amygdala rs-FC with the dorsolateral prefrontal cortex ([@bb0220]) and patients with functional tremor had increased task-related functional connectivity between left amygdala and left middle frontal gyrus for an intense emotion task ([@bb0115]). The presence of stronger connectivity between emotion (amygdala) and executive control regions (inferior/middle frontal gyri) in PNES/FND provides support for the underlying pathophysiology being the lack of ability to inhibit motor and other behaviors. The similar findings observed in patients with functional movement disorders and FND in general indicate that the findings may not be specific to PNES but rather a feature of all FNDs ([@bb0275]). Thus, our results provide additional evidence for a functional basis for dysregulation in the emotion-motor-executive control network in PNES/FND.

4.4. Study limitations, future directions and conclusion {#s0090}
--------------------------------------------------------

There are study limitations that must be considered, and we provide recommendations for future work. One limitation is a relatively small sample size, which is prevalent in PNES research due to a number of factors. By recruiting patients from the Epilepsy Monitoring Unit, we encountered obstacles including patients living too far to participate or patients being unapproachable due to upset feelings about their diagnosis of PNES. Also, many patients did not have established medical care with our center, which likely contributed to the relatively low (56%) return rate even though patients were initially interested, provided written informed consent and scheduled research sessions. While requiring considerably more work and resources to implement, future studies should consider a multi-center design to increase study sample size. Functional connectivity studies suggest that variable brain network disruption may lead to variable presentation of PNES ([@bb0285]; [@bb0275]; [@bb0305]; [@bb0315]), but larger studies are needed to adequately address this. Larger future studies should also consider recruitment of an epilepsy population or other appropriate clinical population as control groups, as they may provide additional information regarding differences in stress systems and related responses ([@bb0210]; [@bb0285]). Not only can additional control groups improve our understanding of the neurobiology of different seizure disorders, it may help identify potential targets for therapeutic strategies resulting in better overall treatment responses.

Other limitations include the timing of saliva samples collection, the lack of a structured clinical interview, potential medication effects, and the different assessments administered. Saliva sampling was limited to the hour before and after MRI, thus registering only short-term changes from acute psychological stress. While we found similar and consistent with previous studies stress-related cortisol response between PNES and HCs, measurement of diurnal cortisol may be more informative for identifying pathophysiological mechanisms related to HPA-axis. A recent study highlighted the effect of chronic stress in altering basal HPA-axis activity while leaving cortisol response to acute psychological stress intact ([@bb0055]). Compared to HCs, patients with PNES have been found to exhibit elevated diurnal levels of cortisol ([@bb0035]). Thus, it would be interesting to assess how these relate to neuroimaging measures in future studies. Furthermore, although self-report and chart review can provide some information regarding psychiatric comorbities, future studies should consider use of a structured clinical interview to more fully capture the psychiatric profile of study participants. Future studies should also consider potential medication effects. While the PNES group was not taking antiepileptic drugs at the time of study participation, we did not collect information regarding other medications, which may have potential confounding effects that we are unable to account for in this study. Finally, there are other assessments that could have been administered in order to further characterize the PNES and HC groups. However, we focused on stress-related assessments to complement the study\'s primary aim of assessing physiological and fMRI responses to acute psychological stress in PNES in brain regions specific to the emotion-motor-executive control network.

Despite limitations, we consider our investigation to be a valuable intermediary to future studies of psychological stress reactivity in PNES. Our comprehensive approach of utilizing stress-related self-report assessments, in addition to physiological and neuroimaging measures of stress response allowed for an initial investigation of the interplay of these different factors.
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